To characterize the behavioral and histopath ological changes that occur in spinal cord after transient ischemia, reversible occlusion of the descending aorta was achieved in the halothane (l-1.5%)-anesthetized rat by the insertion and subsequent inflation of a 2F Fogarty catheter for 10, 15, 20, or 30 min, Neurological recovery was tested during 8 h of reperfusion, After reflow, ani mals undergoing 30 min of ischemia displayed an initial flaccidity at I h, spasticity at 4 h, and flaccidity at the end of 8 h. Following 20 min of ischemia the initial flaccidity was followed by hindlimb spasticity that persisted for 8 h. Shorter intervals of ischemia had minimal effects on mo tor function. After reflow, animals developed a prominent Abbreviations used: CNS, central nervous system; DBP, dis tal blood pressure; GABA, a-amino butyric acid; LE, lower ex tremities; PBP, proximal blood pressure.
Studies on ischemia-induced spinal cord damage, in addition to their relevance to the clinical problem associated with surgery for thoracoabdominal aneu rysm repair, are appreciated to be suitable for studying neuronal changes developing during and after focal cerebral ischemia (Zivin et aI., 1982; Connolly, 1986) . Depending upon the duration and completeness of the ischemic episode, the neuro logical consequences may present initially as a spastic paralysis, suggesting preferential injury to small inhibitory interneurons in the intermediate zone, followed at longer intervals by a flaccid pa ralysis as a result of the motor neuron lesion (Homma et aI., 1979; Zivin et aI., 1982; allodynea, the incidence of which was dependent on the duration of ischemia. A clear correlation of histopatho logical changes with the degree of neurological deficit was noted. In spastic animals, small and medium-sized inter neurons localized in laminae III to VII were affected. Animals with flaccidity at 8 h additionally displayed a significant incidence of argyrophilic A motoneurons in the ventral horns. Corresponding to the frequent appear ance of allodynea, these animals also showed a significant number of damaged neurons in lamina II. Key Words: Aortic occlusion-Hyperesthesia-Ischemia-Paraple gia---' Spinal cord.
aI., 199 1). Sensory examination often reveals nearly normal function, consistent with the selective loss of perfusion to the ventral quadrants occurring after aortic occlusion. In a fraction of cases, however, evidence of disaesthetic sensory states occurs fol lowing reversible spinal cord ischemia in humans (Szilagyi et aI., 1978) .
While the factors governing cellular and neuro logical outcomes following aortic cross-clamping are poorly understood, several variables are clearly relevant. The incidence of neurological deficit in humans is rare with ischemic durations of less than 20-30 min and rises disproportionately when occlu sion times exceed 40-60 min (Szilagyi et aI., 1978) . Such relative resistance to injury, despite the met abolic sensitivity of neural tissue to ischemia, ar gues that the cross-clamping must in fact represent a low-flow condition that requires progressive ex posure to reach a critical level of insult. In addition, it is reasonable to presume that factors knbwn to influence the outcome of cerebral ischemia will likely play a role in regulating cell death and dys function at the spinal cord level. Such factors in-clude body or spinal cord temperature changes (Robertson et aI., 1986; Marsala et aI., 1993) and several intervening biochemical variables, such as the local release of excitatory amino acids (Roth man and Olney, 1986; Simpson et aI., 1990) and prostanoids (Shohami et aI., 1987) and the genera tion of free radicals (McCord, 1985; Halliwell, 1989) .
To assess systematically the role played by the physiological and pharmacological variables out lined above, spinal ischemia was induced in rat by the inflation of a 2F Fogarty catheter placed in the descending thoracic aorta through the tail artery. The efficiency of the occlusion and its reversibility were assessed by monitoring the distal perfusion pressure below the occlusion level. This technique permitted the induction of a readily reversible isch emia with minimal intervention, allowing early as sessment of sensory and motor function.
In the present study, we describe the effects of occlusion duration on sensory and motor function after 8 h of reflow and the correlated rostrocaudal gradient of histopathology observed at that time.
MATERIALS AND METHODS

Animal preparation
Male Sprague-Dawley rats (N = 60; 300-325 g) were anesthetized in a Plexiglas box with 3% halothane in an 0zfroom air mixture (1: 1). Following induction, rats were maintained with 1-1.5% halothane delivered by an inha lation mask. Body temperature was monitored with a rec tal probe inserted 3.5 cm into the rectum and maintained at between 36.5 and 37.soC via an underbody heating pad. The right femoral artery was cannulated with a PE-50 catheter for monitoring distal blood pressure (DBP) and heart rate (Grass Model 7E polygraph). In some animals, the carotid artery was also catheterized to monitor prox imal pressures. End-tidal CO2, °2, and halothane were monitored throughout the experiment in all animals.
To induce spinal cord ischemia, the tail artery was ex posed and a 2F Fogarty catheter (American V. Mueller Model CV 1035) was passed to the thoracic aorta so that the tip of the catheter reached the level of the left sub clavian artery. Based on preliminary dissections, this level corresponded to a distance of 16.7 to 17.2 cm from the site of insertion. At the appropriate time, the rats were randomly assigned such that their catheters were inflated with 0.25 ml of air for 10, 15, 20, or 30 min. The efficiency of the occlusion was evidenced by an immedi ate and sustained loss of any detectable pulse pressure and a drop in the DBP measured in the femoral artery. At the end of the occlusion period, the catheter was deflated and removed. Immediate reappearance and stabilization of the DBP were observed. Pressure was monitored for the first 10 min of reperfusion, after which the arterial line was removed and the wounds were sutured. The animals were then allowed to recover. Allodynia and spontaneous pain behavior were frequently present from the early reperfusion and persisted for several hours. It was there-fore necessary for the rats to be maintained under light halothane (0.3%), except during testing intervals. All an imals, including those serving as controls, were treated similarly. In control animals the balloon catheter was placed in the descending thoracic aorta for 30 min but not inflated.
Evaluation of neurological status
After 1, 2, 4, and 8 h motor functions were graded using the following criteria. and 2-no stepping. A motor deficit index was calculated for each rat at each time interval. The final index was the sum of the scores (walking with LE and placing/stepping reflex). The maximum deficit is indicated by a score of 6.
In addition, the presence of spasticity or flaccidity was determined by the presence of an exaggerated flexion re sponse to a pinch of the hindpaw. Flaccidity was defined as the absence of tone in response to limb extension. Allodynea was defined as vigorous squeaking and agita tion in response to light stroking of the flank. Nonrespon siveness was defined as the absence of any motor or vocal response to pinching of the flank.
Histopathology
At the end of the reperfusion period, animals in all groups were anesthetized with 4% halothane and trans cardially perfused with 100 ml saline followed by 150 ml 10% buffered formalin. To avoid the development of post mortem artificial neuronal changes, all precautions for the fixation process and handling of the material (Cammer meyer, 1978) were observed and the spinal cords were removed from the vertebral column 24 h after perfusion fixation and then postfixed in the same fixative for 2-3 weeks prior to impregnation. Twenty frozen transverse sections 20 fLm thick were taken from each of the follow ing blocks of spinal cord: C2-C5, Th1-Thl0, and Ll-S2. These sections were prepared and impregnated by the suppressive Nauta method. This technique has been de scribed in detail elsewhere (Marsala et aI., 1991) . Briefly, it utilizes the selective neuronal impregnability of affected neurons as a response to a variety of pathological condi tions such as transient central nervous system (CNS) or spinal cord ischemia and traumatic CNS and spinal cord injury. Clear-cut somatodendritic argyrophilia has been found to be clearly developed during the early postisch emic period, corresponding with a hyperchromatic or electron-dense cell picture at the ultrastructural level (Crain et aI., 1988; Gallyas et aI., 1990; Marsala et aI., 1991; Vanicky et aI., 1992) .
Five representative sections from each spinal level mentioned above were coded in each animal and then SUbjected to a systematic examination. The degree of gray matter damage (necrosis or heavy argyrophilic neu rons) and then judged individually for each of three re gions: Region I, damage involving Rexed's laminae I-VI; Region II, damage involving laminae VII and X; and Re gion III, damage involving laminae VIII and IX. Each region was scored according to the following criteria. 0: Normal-no detectable changes.
1: Damage affecting < 10% of the scored area. 2: Damage affecting 10-50% of the scored area. 3: Damage affecting >50% of the scored area. Scores were tabulated and analyzed by an observer blinded to the behavioral outcome and duration of occlu sion.
Statistics
Statistical analysis of neurological and neuropatholog ical scoring was carried out by analysis of variance using multiple-means analysis followed by Tukey-Kramer test. A p value of <0.05 was considered significant. Data are expressed as means ± SD.
RESULTS
Physiological variables
Immediately after the balloon catheter was in flated, the mean DBP dropped from the baseline of 96 ± 7 to 6 ± I Torr in all animals. No significant differences between groups were found. End-tidal CO2 decreased from a baseline of 4.2 ± 0.8 to 1.4 ± 0.4% during the initial 2 min of aortic occlusion. Complete normalization of all parameters during the first 10 min of recirculation was observed. Body temperature was 37.4 ± 0.3°C before occlusion, 36.9 ± O.4°C during occlusion, and 37.2 ± 0.3°C 10 min after the start of reflow. There were no differ ences between groups. Heart rate was 230 ± 11 bpm prior to occlusion. Ten minutes after reflow heart rate was 235 ± 15 bpm. In a few animals, carotid pressures were also measured. As shown in Fig. 1 , during balloon inflation the mean DBP mea sured in the right femoral artery dropped immedi ately from the baseline close to 0 and remained al most flat during the occlusion period. After balloon deflation there was a rapid return of the DBP. Con comitant with the decrease in DBP, a clear increase in the proximal blood pressure (PBP) measured in the right carotid artery was detected, with gradual normalization during the early reperfusion period. End-tidal CO2 showed a sharp increase in the early reperfusion period, presumably as a result of accu mulated lactate, however, this returned to a normal level within 10 min of reperfusion.
Evaluation of neurological functions
The profile of behavioral changes differed as a function of both the duration of ischemia and the time after reflow.
Control group. No visible effect on either motor and sensory functions was detected.
Ten-minute ischemia. After this interval of isch emia, there was no detectable effect on motor func tion and full recovery of neurological functions oc curred in all animals by 1 h postocclusion. How- Vol. 14, No.3, 1994 15 min occlusion 3 00 Fifteen-minute ischemia. In this group, two ani mals showed spastic paraplegia with fully devel oped hypersensitivity during the first hour of reper fusion that persisted for 8 h. Flaccid paralysis de veloped in one animal during the first 2 h, however, partial recovery of motor function at the end of 8 h was detected and the animal was able to walk. Three animals showed full recovery of both motor and sensory functions during the 2 h of reperfusion ( Figs. 2 and 3) .
Twenty-minute ischemia. Sixty minutes after 20min ischemia, four of six animals showed spastic paraplegia. Forelimb function was unaffeated. In these animals spasticity remained unchanged for 8 h. At 2 h postreflow, four of six animals displayed marked hypersensitivity, as indicated by vigorous In summary, the short and medium durations of ischemia (15-20 min) followed by 1-2 h of reperfu sion resulted in a prevalence of spastic animals with fully developed signs of allodynia persisting for up to 8 h postreperfusion. The long ischemic interval (30 min) was characterized by the occurrence of initial flaccidity and nonresponsiveness during early reperfusion (1 h) followed by a progressive increase in the number of spastic and allodynic animals be tween 2 and 4 h postocclusion. Finally, although flaccidity developed in the majority of these ani mals, the prevalence of allodynic animals remained unchanged.
Histopathological analysis
The magnitude of histological changes varied as a function of the duration of ischemia and displayed a characteristic rostrocaudal gradient.
Control group. These rats showed no evidence of any destructive morphological changes at any level of the neuraxis examined.
Ten-minute ischemia. No histological abnormali-ties in the dorsal or anterior horns were detected, and small and medium-sized interneurons as well as A motoneurons showed a normal structure with clearly visible nuclei and nucleoli (Fig. 4) .
Fifteen-minute ischemia. Various histopatholog ical pictures were found, reflecting the variable de grees of neurological deficit, ranging from complete recovery to complete loss of motor function. His topathological analyses of lower thoracic and upper lumbar segments (Th 10-L2) in animals that re gained their neurological functions were similar to those in the lO-min ischemic group. However, in some sections taken from the central part of the lumbar enlargement, a number of argyrophilic neu rons localized in the dorsolateral part of the dorsal horn and the lateral part of the intermediate zone were found ( Figs. 4 and 5C ). Small areas of neuropil vacuolation combined with solitary necrotic neu rons in the anterior horns were detected, however, the majority of the gray matter in lumbosacral seg ments was spared.
In animals suffering from loss of motor function and development of hypersensitivity, histopatho logical damage was more extensive and regular and was characterized by the occurrence of necrotic cavities preferentially affecting the dorsolateral part of the dorsal horn. In some sections taken from segments L3-L5, necrotic changes tended to in volve the central and anteromedial parts of the an terior horn. However, the majority of A motoneu rons and myelinated fibers crossing and surround ing the anterior horns as well as axons localized between lamina I and lamina VII showed an almost normal structure (Figs. 4, 5A, and 5B). Only some fine fibers, usually found in the gray matter at the base of the dorsal horn, and perhaps of dendritic origin, revealed clear signs of drop-like degenera tion.
Twenty-minute ischemia. Multifocal necroses usually affected the lower thoracic and all lumbar segments and became confluent in the central part of the lumbar enlargement, i.e., segments L3-L5, affecting not only the dorsolateral part of the dorsal horn, but also the central part of the anterior horn. However, most A motoneurons showed a near normal structure, with normal-appearing nuclei and nucleoli. In the majority of sections heavily argyro philic neurons were mostly small and medium-sized interneurons localized in or close to the necrotic foci ( Figs. 4 and 5D) . In contrast, neuropathological changes in laminae I-III were sparse, expressed as a fine neuropil vacuolization with a number of eas ily detectable neurons spared ischemic damage.
Thirty-minute ischemia. The pattern of histopath ological changes was similar to that described for 
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the 20-min ischemic group, however, the necroses of the gray matter progressed to include almost the entire spinal cord gray matter from lamina III to lamina X. Except in the two superficial layers, taken from segments L2-LS, neither ischemically affected cells nor fragments were found and the gray matter was completely filled with necrotic masses. However, in a number of sections, the characteristic picture of drop-like degeneration was found ( Figs. 4 and SE) .
Correlation of neurological outcome and histopathology
Complete recovery of motor function in combi nation with hypersensitivity corresponded to occa sional loss of small intemeurons in deep dorsal hom layers. However, the majority of the gray matter J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 was spared ischemic damage, and in some sections no pathological changes were found.
In animals showing the characteristic signs of hy persensitivity combined with spastic paralysis at the end of the 8-h reperfusion period, histopatho logical analysis revealed the highest degree of neu ronal damage in lumbosacral segments (or neuronal loss) between lamina III and lamina VII; however, there were a number of normal-appearing A mo toneurons and small neurons in the superficial dor sal hom layers.
In animals suffering from flaccid paraplegia, but still with the presence of allodynia in addition to the histopathological damage mentioned above, the ma jority of A motoneurons was already damaged or lost, corresponding with complete loss of muscle tone, functionally defined as lower motor neuron lesion. However, cells localized in laminae I-II were still present with no signs of ischemia-induced neuronal changes.
Finally, the presence of flaccid paralysis and non responsivity corresponded with the highest degree of gray matter damage of lumbosacral segments, with extensive neuronal loss affecting almost all dorsal and ventral horn layers. 
DISCUSSION
Spinal ischemia model
Previous experimental studies of aortic occlusion have frequently employed a major intervention to the thoracic and/or abdominal cavity to gain control over distal (spinal cord) perfusion (Homma et aI., 1979; Zivin et aI., 1982; LeMay et aI., 1987; Bower et aI., 1988) . Besides the problems of physiological management and the time required to prepare the animals, these preparations raise the issues of tem perature management and fluid replacement. Fi nally, such major surgical interventions, particu larly when the animals are to be tested shortly after surgical preparation, may result in behavioral changes that are secondary to the postoperative pain state.
In the present rodent model, first described by Coston et ai. (1983) , preparation requires less than 15 min, requires no intubation, and involves only two small incisions to insert the occlusion and blood pressure catheters. Following completion of the procedure, in the absence of an extended occlusion, animals are typically ambulatory and show no sig nificant behavioral changes. An additional benefit is that the arterial spinal cord supply in rats has been reported to resemble closely that in the human cord, thus providing a good model for study of spi nal cord damage as a result of circulatory distur bances (Tveten, 1976) .
Histopathological changes after ischemia
Recently a modified silver impregnation tech nique has been used to visualize ischemia-induced neuronal changes. Signs of somatodendritic argyro philia were found to reflect early premorbid subcel lular changes in response to the ischemic insult (Jenkins et aI., 1981; Marsala et aI., 1991; Vanicky et aI., 1992) . In survival studies after comparable insults, the brain and spinal cord areas that dis played neuronal argyrophilia during early reperfu sion typically showed massive neuronal loss several days after ischemia (Crain et aI., 1988; Marsala et al., 1991) . It should be stressed that in the spinal cord, care must be taken to avoid artifact-induced changes. Thus, neuronal argyrophilia can also be observed following inadequate perfusion or in situ fixation. In these cases neuronal argyrophilia prob ably develops as a result of postmortem traumatic compression-induced subcellular changes. This possibility can be easily eliminated if animals are perfusion fixed and the spinal cord is carefully re moved from the vertebral column 24-48 h later (Cammermeyer, 1978) . In our experience, silver im pregnation techniques after the tissue is processed as described above give predictable histopatholog ical results in both control and experimental isch emic animals. In the present study, a characteristic histopathological picture developed after 8 h of reperfusion in which there was a distinct rostrocau dal gradient of increasing neuronal argyrophilia or gray matter necrosis. Similar histopathological changes after reversible spinal cord ischemia in rab-bit, cat, and dog tend to be associated with loss of the medium-sized interneuronal pool, localized pre dominantly in laminae V-VII (Davidoff et aI., 1967; Homma et aI., 1979; Zivin et aI., 1982; Marsala et aI., 1991) . In contrast, after limited periods of isch emia, neurons localized in the peripheral gray mat ter, i.e., laminae I and II, laminae VIII and IX, and lamina X, are usually spared ischemic changes, sug gesting a progressive loss of nutritive blood flow in the central gray matter. These regional differences in injury may reflect (a) differential metabolic rates and thus sensitivity to occlusion, (b) differential loss of perfusion secondary to aortic occlusion, and/ or (c) regional differences in reflow after cessation of aortic occlusion. In the present study, in some animals, regions of severe injury were frequently adjacent to regions of apparently normal cells. This spotty appearance, most commonly observed after the IS-min ischemic period, may reflect irreversible occlusion of some spinal cord vessels, probably penetrating arterioles, providing a characteristic picture of irregularly distributed necrotic areas sur rounded by relatively unaffected tissue. Similarly, the irregular appearance of histopathological changes, in some animals affecting restricted areas in one or two lumbal segments, may correspond with a lack of detectable neurological deficit. Com parable histopathological and behavioral changes in rabbit were described after reversible spinal cord ischemia. In this model no clinically apparent neu rological deficit was seen in animals in which sub sequent histopathological analysis revealed normal or only irregularly separated small regions of focal necrosis in lumbosacral segments. However, in an imals suffering from fully developed paraplegia, gray matter necrosis tended to involve more central and medial portions of the anterior gray matter (Zivin et aI., 1982) . The dependence of histopatho logical changes on the duration of the ischemic pe riod seen in the present model appears to corre spond closely to that reported in the rabbit. A sim ilar ischemic-time dependence in the development of neuronal changes in supraspinal structures has been described (Jenkins et aI., 1981; Smith et al., 1984; Vanicky et aI., 1992) .
Behavioral changes following ischemia
Neurological analysis of motor function revealed that 20 min of ischemia produced predictable motor deficits in most animals tested. Following the initial 40-to 120-min period of recirculation, where a flac cid paralysis was found, hypersensitivity, spastic ity, and hyperreflexia gradually developed and per sisted for up to 8 h. Our observations of motor dys function are similar to those reported by Matsushita and Smith (1970) . In that study, after 21-25 min of aortic occlusion in rat the animals initially exhibited flaccid paresis followed by the gradual development of hindleg extensor rigidity after 3-5 h of reperfu sion. This type of motor dysfunction persisted for several weeks. Detailed electrophysiological analy sis in rigid animals revealed larger lumbar monosyn aptic and reduced polysynaptic reflexes, suggesting that ischemic injury to interneurons may be a pri mary contributor to the decrease in presynaptic in hibition, leading to postdenervation hypersensitiv ity of undamaged motoneurons.
Consistent with the loss of small interneurons (10--20 f,Lm), significant reductions in glycine and -y-aminobutyric acid (GABA) concentrations have been reported after spinal cord ischemia in the cat (Homma et aI., 1979) . Considerable evidence sup ports the hypothesis that glycine is involved in postsynaptic A motoneuron inhibition, supporting its important role in inhibitory spinal cord circuits (Fagg and Foster, 1983; Chase et aI., 1989; Peng and Frank, 1989) . Given this reasoning, it is probable that the irreversible damage of small inhibitory in terneurons in the dorsal horn is also a principal le sion defining the clearly developed hyperaesthetic state observed during the first 120 min of reperfu sion. Light microscopy studies of the coexistence of GABA-like and glycine-like immunoreactivity in the spinal cord of the rat reveal the highest number of immunoreactive cells in lamina III. Such neu rons, containing both GABA and glycine, may reg ulate low-threshold mechanoreceptor primary affer ent fiber transmission to other dorsal horn neurons (Todd et aI., 1992) . It has been demonstrated that intrathecal administration of GABA and glycine re ceptor antagonists correlates, in a dose-dependent manner, with the appearance of tactile allodynea, e.g., a pain state evoked by low-threshold nonnox ious neuronal stimuli (Yaksh, 1989) . Baclofen, a GABAB receptor agonist, has been shown to sup press the hypersensitivity observed after focal spi nal cord ischemia in rat induced by laser irradiation (Hao et aI., 1992) . This observation supports the hypothesis that a loss of GABA-mediated inhibition could play an important role in the development of ischemically induced hypersensitivity.
Mechanism of ischemic damage
While the present study was not targeted at as sessing the mechanisms of the effects produced in the cord after reversible ischemia, this model pro vides an important tool by which such intervening variables can be examined. The results of several recent studies suggest that excitatory amino acid accumulation, Ca 2 + influx, increased activity of phospholipases and lipases, and oxygen free radical overproduction represent the main candidates tak ing part in the development of the ischemia mediated neuronal damage (McCord, 1985; Krause et aI., 1988; Siesjo, 1988; Simpson et aI., 1990) . Us ing microdialysis in the same spinal cord ischemic model, we recently found significant elevations of glutamate in the dorsal gray matter during the 20min ischemic period and 2-h reperfusion, corre sponding with irreversible damage of small neurons localized in the intermediate zone and dorsal horn. This supports the hypothesis that a critical accumu lation of excitatory amino acids in the extracellular space may be involved in the mechanism of irre versible damage to inhibitory interneurons (Marsala et aI., 1992 (Marsala et aI., , 1994 .
Conclusion
The present study emphasizes the correlation be tween the duration of ischemia and the acute histo logical changes in small neurons in the dorsal and ventral spinal cord. The rostrocaudal as well as the dorsoventral distribution of ischemic damage corre sponds with the well-defined heterosegmental per fusion of the ventral and dorsal spinal cord gray matter. The time dependence of the developing le sion and corresponding changes in behavior strongly suggest the development of a progressive deficit based on a low-flow situation. In addition to the prominent changes in motor function antici pated in these models of spinal ischemia, there was a prominent development of a profound allodynea, in which a light touch evoked clear pain behavior. This syndrome correlates with the modest changes observed in the dorsal gray matter in small neurons known to contain inhibitory amino acids and corre sponds to the nature of the effects observed when antagonists to these amino acids are delivered spi nally. The present results thus provide a systematic baseline in a practical model for further investiga tions of the role of pharmacological and physiolog ical variables governing the magnitude of the ob served sensory, motor, and histopathological changes induced by reversible spinal ischemia.
